lioblastoma is the most frequent primary malignant brain tumor in adults. Median survival is generally less than one year from the time of diagnosis, and even in the most favorable situations, most patients die within two years. [1] [2] [3] Standard therapy consists of surgical resection to the extent that is safely feasible, followed by radiotherapy; in the United States, adjuvant carmustine, a nitrosourea drug, is commonly prescribed. 4, 5 Cooperative-group trials have investigated the addition of various chemotherapeutic regimens to radiotherapy, [6] [7] [8] [9] but no randomized phase 3 trial of nitrosourea-based adjuvant chemotherapy has demonstrated a significant survival benefit as compared with radiotherapy alone, although there were more long-term survivors in the chemotherapy groups in some studies. 10 A meta-analysis based on 12 randomized trials suggested a small survival benefit of chemotherapy, as compared with radiotherapy alone (a 5 percent increase in survival at two years, from 15 percent to 20 percent). 11 The meta-analysis included 37 percent of patients with prognostically more favorable, lowergrade gliomas.
Temozolomide, an oral alkylating agent, has demonstrated antitumor activity as a single agent in the treatment of recurrent glioma. [12] [13] [14] The approved conventional schedule is a daily dose of 150 to 200 mg per square meter of body-surface area for 5 days of every 28-day cycle. Daily therapy at a dose of 75 mg per square meter for up to seven weeks is safe; this level of exposure to temozolomide 15 depletes the DNA-repair enzyme O 6 -methylguanine-DNA methyltransferase (MGMT) . 16 This effect may be important because low levels of MGMT in tumor tissue are associated with longer survival among patients with glioblastoma who are receiving nitrosourea-based adjuvant chemotherapy. 17, 18 A pilot phase 2 trial demonstrated the feasibility of the concomitant administration of temozolomide with fractionated radiotherapy, followed by up to six cycles of adjuvant temozolomide, and suggested that this treatment had promising clinical activity (two-year survival rate, 31 percent). 19 The European Organisation for Research and Treatment of Cancer (EORTC) Brain Tumor and Radiotherapy Groups and the National Cancer Institute of Canada (NCIC) Clinical Trials Group therefore initiated a randomized, multicenter, phase 3 trial to compare this regimen with radiotherapy alone in patients with newly diagnosed glioblastoma.
patients
Patients 18 to 70 years of age with newly diagnosed and histologically confirmed glioblastoma (World Health Organization [WHO] grade IV astrocytoma) were eligible for the study. Eligible patients had a WHO performance status of 2 or less and adequate hematologic, renal, and hepatic function (absolute neutrophil count, ≥1500 per cubic millimeter; platelet count, ≥100,000 per cubic millimeter; serum creatinine level, ≤1.5 times the upper limit of normal in the laboratory where it was measured; total serum bilirubin level, ≤1.5 times the upper limit of normal; and liver-function values, <3 times the upper limit of normal for the laboratory). Patients who were receiving corticosteroids had to receive a stable or decreasing dose for at least 14 days before randomization. All patients provided written informed consent, and the study was approved by the ethics committees of the participating centers.
study design and treatment
Within six weeks after the histologic diagnosis of glioblastoma, we randomly assigned eligible patients to receive standard focal radiotherapy alone (the control group) or standard radiotherapy plus concomitant daily temozolomide, followed by adjuvant temozolomide. Randomization was performed at the EORTC Data Center, and patients were stratified according to WHO performance status, whether or not they had previously undergone debulking surgery, and the treatment center. 20 The assigned treatment had to begin within one week after randomization.
Radiotherapy consisted of fractionated focal irradiation at a dose of 2 Gy per fraction given once daily five days per week (Monday through Friday) over a period of six weeks, for a total dose of 60 Gy. Radiotherapy was delivered to the gross tumor volume with a 2-to-3-cm margin for the clinical target volume. Radiotherapy was planned with dedicated computed tomography (CT) and three-dimensional planning systems; conformal radiotherapy was delivered with linear accelerators with nominal energy of 6 MV or more, and quality assurance was performed by means of individual case reviews. 21 Concomitant The baseline examination included CT or magnetic resonance imaging (MRI), full blood counts and blood chemistry tests, and a physical examination that included the Mini-Mental State Examination (MMSE) and a quality-of-life questionnaire. During radiotherapy (with or without temozolomide), patients were to be seen every week. Twenty-one to 28 days after the completion of radiotherapy and every 3 months thereafter, patients underwent a comprehensive evaluation, including administration of the MMSE and the quality-of-life questionnaire and radiologic assessment of the tumor. During adjuvant temozolomide therapy, patients underwent a monthly clinical evaluation and a comprehensive evaluation at the end of cycles 3 and 6. Tumor progression was defined according to the modified WHO criteria as an increase in tumor size by 25 percent, the appearance of new lesions, or an increased need for corticosteroids. 23 When there was tumor progression or after two years of follow-up, patients were treated at the investigator's discretion, and the type of second-line therapy was recorded. Toxic effects were graded according to the National Cancer Institute Common Toxicity Criteria, version 2.0, with a score of 1 indicating mild adverse effects, a score of 2 moderate adverse effects, a score of 3 severe adverse effects, and a score of 4 life-threatening adverse effects.
statistical analysis
The primary end point was overall survival; secondary end points were progression-free survival, safety, and the quality of life. Overall survival and progression-free survival were analyzed by the KaplanMeier method, with use of two-sided log-rank statistics. This study had 80 percent power at a significance level of 0.05 to detect a 33 percent increase in median survival (hazard ratio for death, 0.75), assuming that 382 deaths occurred. All analyses were conducted on an intention-to-treat basis.
The Cox proportional-hazards model was fitted to adjust for stratification factors and other confounding variables. Toxic effects are reported separately for the radiotherapy period, defined as extending from day 1 of radiotherapy until 28 days after the last day of radiotherapy, or until the first day of adjuvant temozolomide therapy. The adjuvant-therapy period was defined as extending from the first day of adjuvant temozolomide therapy until 35 days after day 1 of the last cycle of temozolomide. Findings with respect to the quality of life are not reported here.
organization of the trial
The concept of the trial was developed by Dr. Nearly 50 percent of the patients were enrolled at 17 institutions. The characteristics of the patients in the two groups were well balanced at baseline ( Table 1 ). The median age was 56 years, and 84 percent of patients had undergone debulking surgery. Slightly more patients in the radiotherapy group than in the radiotherapy-plus-temozolomide group were receiving corticosteroids at the time of randomization (75 percent vs. 67 percent). Histologic slides were submitted for 85 percent of patients, and central pathological review confirmed the diagnosis of glioblastoma in 93 percent of the reviewed cases; 3 percent had anaplastic astrocytoma or oligoastrocytoma (WHO grade III), and in 1 percent submitted material was insufficient for a definitive diagnosis.
disposition of patients and delivery of treatment
The median time from diagnosis to the start of therapy was 5 weeks (range, 2.0 to 12.9) in the radiotherapy group and 5 weeks (range, 1.7 to 10.7) in the radiotherapy-plus-temozolomide group. Table 2 summarizes the details of treatment. Unplanned interruptions in radiotherapy were usually brief (median, four days) and interruptions due to the toxicity of therapy occurred in only 3 percent of the radiotherapy group and 4 percent of the radiotherapy-plus-temozolomide group. The other reasons were mainly administrative (e.g., holidays, radiotherapy equipment maintenance, or technical problems). One patient randomly assigned to radiotherapy alone received radiotherapy plus temozolomide. Among the 287 patients who were assigned to receive concomitant radiotherapy plus temozolomide, 85 percent completed both radiotherapy and temozolomide as planned. Thirty-seven patients (13 percent) prematurely discontinued temozolomide because of toxic effects (in 14 patients), disease progression (in 11), or other reasons (in 12). After radiotherapy, 223 patients in the radiotherapy-plus-temozolomide group (78 percent) started adjuvant temozolomide and received a median of 3 cycles (range, 0 to 7); 47 percent of patients completed 6 cycles. The main reason for not results * This characteristic was used as a stratification factor at the time of randomization. † A performance status of 0 denotes asymptomatic, 1 symptomatic and fully ambulatory, and 2 symptomatic and in bed less than 50 percent of the day. ‡ The maximum score on the Mini-Mental State Examination (MMSE) is 30, and scores above 26 are considered to indicate normal mental status. § Anaplastic astrocytoma included oligoastrocytoma. Interruption or delay in radiotherapy -no. (%) 78 (27) 92 (32) Delay due to toxicity -no. (%) 8 (3) 12 (4) Received ≤90% of planned dose -no. (%) 22 (8) 14 (5) Early discontinuation of radiotherapy -no. (%) 19 (7) 14 (5) Reason for discontinuation -no. (%)
Disease progression 17 (6) 11 (4) Other* 2 (1) 3 (1)
Concomitant temozolomide
Never started concomitant temozolomide -no. The new england journal of medicine 992 beginning or not completing adjuvant temozolomide therapy was disease progression. Only 8 percent of patients discontinued adjuvant temozolomide because of toxic effects. Beginning with cycle 2, the dose of temozolomide was increased to 200 mg per square meter in 67 percent of patients. Only 9 percent of patients did not receive the higher dose because of hematologic toxicity.
survival and progression
At a median follow-up of 28 months, 480 patients (84 percent) had died. The unadjusted hazard ratio for death in the radiotherapy-plus-temozolomide group as compared with the radiotherapy group was 0.63 (95 percent confidence interval, 0.52 to 0.75; P<0.001 by the log-rank test). These data indicate a 37 percent relative reduction in the risk of death for patients treated with radiotherapy plus temozolomide, as compared with those who received radiotherapy alone. The median survival benefit was 2.5 months; the median survival was 14.6 months (95 percent confidence interval, 13.2 to 16.8) with radiotherapy plus temozolomide and 12.1 months (95 percent confidence interval, 11.2 to 13.0) with radiotherapy alone (Fig. 1 and Table 3 ). The two-year survival rate was 26.5 percent (95 percent confidence interval, 21.2 to 31.7 percent) in the group given radiotherapy plus temozolomide, as compared with 10.4 percent (95 percent confidence interval, 6.8 to 14.1 percent) with radiotherapy alone. The median progressionfree survival was 6.9 months (95 percent confidence interval, 5.8 to 8.2) with radiotherapy plus temozolomide and 5.0 months (95 percent confidence interval, 4.2 to 5.5) with radiotherapy alone (hazard ratio for death or disease progression, 0.54 [95 percent confidence interval, 0.45 to 0.64]; P<0.001 by the log-rank test) (Fig. 2) .
The hazard ratio for death was adjusted by fitting the Cox proportional-hazard models. In addition to the stratification factors (the extent of surgery, WHO performance status, and treatment center), other possible confounding factors -age, use or nonuse of corticosteroids at randomization, sex, score on the MMSE, and tumor location -were included. The adjusted hazard ratio for death in the radiotherapy-plus-temozolomide group as compared with the radiotherapy group -0.62 (95 percent confidence interval, 0.51 to 0.75) -was essentially the same as the unadjusted hazard ratio.
Survival according to prognostic factors, including age, sex, extent of surgery, WHO performance status, and use or nonuse of corticosteroids, was also analyzed (see Table 1 in the Supplementary Appendix, available with the full text of this article at www.nejm.org). Radiotherapy plus temozolomide was associated with a significant improvement in median overall survival in nearly all subgroups of patients (see Fig. 1 in the Supplementary Appendix); the exceptions were the small subgroup of 93 patients who underwent biopsy only and the 70 patients with a poor performance status.
safety
We analyzed adverse events separately during radiotherapy (with or without concomitant temozolomide), the adjuvant-therapy period, and the entire study period (from study entry until disease progression or last follow-up). No grade 3 or 4 hematologic toxic effects were observed in the radiotherapy group. During concomitant temozolomide therapy, grade 3 or 4 neutropenia was documented in 12 patients (4 percent), and grade 3 or 4 thrombocytopenia occurred in 9 patients (3 percent) (Table 4) . Overall, 19 patients (7 percent) had any type of grade 3 or 4 hematologic toxic effect. During adjuvant temozolomide therapy, 14 percent of patients had any grade 3 or 4 hematologic toxic effect, 4 percent had grade 3 or 4 neutropenia, and 11 percent had grade 3 or 4 thrombocytopenia. During the radiotherapy period, severe infections occurred in 6 patients in the radiotherapy group (2 percent) and in 9 patients in the radiotherapy-plus-temozolomide group (3 percent); during adjuvant temozolomide therapy, 12 patients (5 percent) had severe infections. The most common nonhematologic adverse event during radiotherapy was moderate-to-severe fatigue in 26 percent of patients in the radiotherapy group and 33 percent in the radiotherapy-plus-temozolomide group ( Table 2 in the Supplementary Appendix). Thromboembolic events occurred in 28 patients (5 percent) -16 in the radiotherapy group and 12 in the radiotherapyplus-temozolomide group. Two patients in the radiotherapy-plus-temozolomide group died of cerebral hemorrhage in the absence of a coagulation disorder or thrombocytopenia. Pneumonia was reported in five patients in the radiotherapy group and three in the radiotherapy-plus-temozolomide group. Opportunistic infections occurred in two patients; one patient treated with radiotherapy alone had suspected P. carinii pneumonia, and one patient in the radiotherapy-plus-temozolomide group had proven bacterial and candida pneumonia.
treatment after disease progression
If disease progression occurred, further treatment was at the physician's discretion. At the cutoff date (May 10, 2004) , 512 patients -268 in the radiotherapy group (94 percent) and 244 in the radiotherapyplus-temozolomide group (85 percent) -had disease progression. At the time of progression, 23 percent of patients in both treatment groups underwent a second surgery, and 72 percent of patients in the radiotherapy group and 58 percent in the radiotherapy-plus-temozolomide group received chemotherapy. Salvage chemotherapy consisted of temozolomide in 60 percent of patients in the radiotherapy group and 25 percent of patients in the radiotherapy-plus-temozolomide group. The response to salvage chemotherapy was not recorded as part of our study.
For more than 30 years, chemotherapy given as an adjunct to radiotherapy or before radiotherapy has been widely investigated in patients with malignant glioma. Such treatment has had limited success. [6] [7] [8] 10, [25] [26] [27] The present study demonstrates that the addition of chemotherapy to radiotherapy significantly prolongs survival among patients with newly diagnosed glioblastoma, with a median increase in survival of 2.5 months or a relative reduction in the risk of death of 37 percent. Unlike most previous studies, which included patients with both glioblastoma (WHO grade IV) and anaplastic astrocytoma (WHO grade III), who have a better prognosis, our study was designed to include only patients with glioblastoma. At two years, we found a clinically meaningful increase -by a factor of 2.5 -in the survival rate, from 10 percent with radiotherapy alone to 27 percent with radiotherapy plus temozolomide, consistent with the findings of the preceding phase 2 trial. 19 An exploratory analysis of subgroups defined according to known prognostic factors demonstrated a survival benefit in nearly all subgroups.
The outcome for patients treated with radiotherapy alone in our trial compares favorably with the outcome in other trials. 9, 11, 28 Patients being treated with corticosteroids received stable or decreasing doses before randomization and started radiotherapy within one week after randomization. These cridiscussion * A total of 160 patients in the radiotherapy group and 60 patients in the radiotherapy-plus-temozolomide group received temozolomide as salvage therapy. CIdenotes confidence interval. teria may have served to exclude patients with the worst prognosis, who may not benefit from any therapy. Moreover, most patients had undergone debulking surgery. The relatively long survival after disease progression (approximately seven months in both groups) is also noteworthy. This extended survival may reflect either patient selection or the early detection of tumor progression by means of regular radiographic assessment. Furthermore, 72 percent of patients in the radiotherapy group and 58 percent of patients in the radiotherapy-plus-temozolomide group received salvage chemotherapy at the time of progression. This trial was designed to determine whether the addition of temozolomide to radiotherapy early in the course of treatment prolongs survival among patients with glioblastoma, but it was not designed to distinguish between the effects of concomitant therapy with radiotherapy plus temozolomide and adjuvant treatment with temozolomide. At the time the trial was conceived, it was deemed most important to administer chemotherapy early in the course of the disease, for a sufficiently long time, and concurrently with radiotherapy. Temozolomide was given concomitantly with radiotherapy on a continuous schedule for several reasons. First, daily administration of low doses makes possible an increase by almost a factor of two in dose intensity, as compared with the standard regimen, without an increase in toxicity. 15 Second, continuous administration of an alkylating agent depletes MGMT, 16 an enzyme that may be induced by radiotherapy and that is necessary for repair of damage to DNA caused by alkylating agents. 29 In a companion translational study also reported in this issue of the Journal, we observed that methylation of the MGMT promoter, which results in gene silencing, is associated with a striking survival benefit in patients treated with radiotherapy plus temozolomide. 30 Third, synergy between temozolomide and radiotherapy has been observed in vitro. [31] [32] [33] The spontaneous conversion of temozolomide into the active metabolite and its ability to cross the blood-brain barrier also favors this regimen. 34 Finally, to ensure sufficient exposure to the drug, we added six cycles of adjuvant temozolomide after the completion of radiotherapy.
In the context of palliative care, chemotherapyinduced toxic effects should be manageable. Nausea was controlled with standard antiemetic agents. Severe myelosuppression was observed in 16 percent of patients, leading to the early discontinuation of chemotherapy in 5 percent. Whether the addition of chemotherapy increases the risk of radiotherapyinduced cognitive deficits cannot be assessed at this time. However, long-term monitoring and observational studies of late toxic effects will be important to guide treatment recommendations in the future. Furthermore, prolonged chemotherapy with alkylating agents has been associated with myelodysplastic syndromes and secondary leukemia occurring years after therapy. 35 In our trial, at a median * The entire study period was defined as the period from study entry to seven days after disease progression. follow-up of approximately two years, there had been no evidence of any increase in treatmentinduced late toxic effects. Such late toxicity may become a greater concern, however, if this regimen is used in patients with intermediate-or low-grade glioma, who have a more favorable prognosis in terms of survival.
In conclusion, the addition of temozolomide to radiotherapy early in the course of glioblastoma provides a statistically significant and clinically meaningful survival benefit. Nevertheless, the challenge remains to improve clinical outcomes further. For this reason, the regimen of radiotherapy plus temozolomide should serve as the new platform from which to explore innovative regimens for treating malignant gliomas. Many questions remain unanswered regarding the applications of this regimen to lower grade gliomas and the optimal combination of radiotherapy and temozolomide.
